Models of visual attention hold that top-down signals from frontal cortex influence information processing in visual cortex. It is unknown whether situations exist in which visual cortex actively participates in attentional selection. To investigate this question, we simultaneously recorded neuronal activity in the frontal eye fields (FEF) and primary visual cortex (V1) during a curve-tracing task in which attention shifts are object-based. We found that accurate performance was associated with similar latencies of attentional selection in both areas and that the latency in both areas increased if the task was made more difficult. The amplitude of the attentional signals in V1 saturated early during a trial, whereas these selection signals kept increasing for a longer time in FEF, until the moment of an eye movement, as if FEF integrated attentional signals present in early visual cortex. In erroneous trials, we observed an interareal latency difference because FEF selected the wrong curve before V1 and imposed its erroneous decision onto visual cortex. The neuronal activity in visual and frontal cortices was correlated across trials, and this trial-to-trial coupling was strongest for the attended curve. These results imply that selective attention relies on reciprocal interactions within a large network of areas that includes V1 and FEF.
Models of visual attention hold that top-down signals from frontal cortex influence information processing in visual cortex. It is unknown whether situations exist in which visual cortex actively participates in attentional selection. To investigate this question, we simultaneously recorded neuronal activity in the frontal eye fields (FEF) and primary visual cortex (V1) during a curve-tracing task in which attention shifts are object-based. We found that accurate performance was associated with similar latencies of attentional selection in both areas and that the latency in both areas increased if the task was made more difficult. The amplitude of the attentional signals in V1 saturated early during a trial, whereas these selection signals kept increasing for a longer time in FEF, until the moment of an eye movement, as if FEF integrated attentional signals present in early visual cortex. In erroneous trials, we observed an interareal latency difference because FEF selected the wrong curve before V1 and imposed its erroneous decision onto visual cortex. The neuronal activity in visual and frontal cortices was correlated across trials, and this trial-to-trial coupling was strongest for the attended curve. These results imply that selective attention relies on reciprocal interactions within a large network of areas that includes V1 and FEF.
contour grouping | noise correlation | error trials V isual scenes are usually too complex for all information to be analyzed at once. Selective attention selects a subset of the objects in the visual scene for detailed analysis at the expense of other items. Visual objects compete for selection, and the outcome of this competition depends on bottom-up cues such as saliency and perceptual organization and top-down cues that signal the objects' behavioral relevance (1) . It is not well understood how these different cues interact and which brain areas take the lead in visual selection.
The top-down mechanisms for attentional selection are tightly linked to those for the selection of actions (2) , and accordingly, cortical areas related to action planning influence the deployment of visual attention. The frontal eye fields (FEF) is one such area that is involved in visual processing, shifts of visual attention (2, 3) , and also in the control of eye movements (4, 5) . Area FEF contains different types of cells. Visual processing relies on visual and visuomovement cells, whereas the programming of eye movements relies on the activity of visuomovement and movement cells (6, 7) . There are several lines of evidence that also implicate FEF in attentional control. First, FEF inactivation impairs attention shifts toward the contralateral visual field (8, 9) . Second, subthreshold FEF microstimulation enhances neuronal activity in visual cortex in a manner that is reminiscent of selective attention (10, 11) . Third, a role of FEF in the top-down guidance of attention is supported by studies on visual search. In search, selection signals in frontal cortex precede those in area V4 by 50 ms, suggesting that the frontal cortex determines selection and then provides feedback to visual cortex (12, 13) . A comparable interareal delay in attentional effects was observed between the lateral intraparietal area and the motion sensitive middle temporal area (14) . Thus, the parietal and frontal cortices appear to take the lead in attentional selection and to provide top-down signals to visual cortex. Within the visual cortex, such a reverse hierarchy (15) of attentional effects was observed in a task that required shifts of spatial attention (16) and also in a task demanding shifts between visual and auditory attention (17) . Attentional signals in area V4 preceded signals in V2 by 50-250 ms, which in turn preceded attentional effects in the primary visual cortex (V1) by 50-400 ms.
However, top-down factors are not the only ones that guide attention. Attention can be object-based, implying that the visual stimulus itself influences the distribution of attention too. If attention is directed to a feature, attention tends to coselect visually related features on the basis of perceptual grouping cues (18) so that entire objects rather than isolated features are attended (19, 20) . The influence of perceptual grouping on attentional selection can be investigated with a curve-tracing task that requires grouping of the contour elements of a single curve (21, 22) . Attention in this task is directed to the entire curve, implying that the curve's shape itself influences the distribution of attention (22) . Indeed, a traced curve evokes stronger activity in primary visual cortex than an irrelevant curve, revealing a neuronal correlate of object-based attention (23) . However, it is not known if the coselection of all image elements of a single object is determined within early visual cortex or is guided by the frontal cortex, just as was shown for other tasks.
Here we compare selection signals in areas FEF and V1 in the curve-tracing task with simultaneous recordings in the two areas. A priori, several possibilities exist for the interaction between V1
Significance
Visual attention allows us to focus on information that is relevant to our goals and to discard irrelevant information. The brain mechanisms that steer attention are only partially understood, but previous research suggested that the frontal cortex controls activity in the visual cortex. We here demonstrate that attentional signals in visual and frontal cortex of the macaque monkey emerge at the same time in a curve-tracing task, suggesting a more active participation of visual cortex. If attentional signals in visual cortex were weak, frontal cortex took the lead, but errors were likely. In these error trials, frontal cortex imposed its decision on visual cortex. Our results reveal how visual and frontal cortex interact to control attention. and FEF. First, the frontal cortex might select the relevant curve and then feed a guiding signal back to visual cortex (24, 25) as in the other tasks described above. If so, attentional selection signals in V1 might arise tens to hundreds of milliseconds later than in FEF. However, the chain of events in the curve-tracing task might differ because visual shape has a profound influence on the distribution of attention (26) . Thus, a second possibility is that the visual cortex determines selection so that the attentional modulation in visual cortex precedes that in frontal cortex. A third possibility is that visual and frontal areas jointly determine what is relevant and what is not. In this situation, the selection signals are expected to occur in both areas at approximately the same time. It is also possible that the order of selection in different areas depends on the difficulty of the task. For example, the reverse hierarchy theory of visual perception (15) proposed that easy tasks are usually solved by higher visual areas, whereas lower visual areas are recruited when the picture has to be scrutinized. We therefore varied the difficulty of the curvetracing task.
Results
Two monkeys carried out the curve tracing task illustrated in Fig.  1A . A trial started when the monkey directed his gaze to a fixation point. After 300 ms, two curves with two circles at their ends appeared on the screen. One of the curves was connected to the fixation point (target curve, T), whereas the other curve was not (distractor, D). The monkeys maintained fixation while mentally tracing the target curve to locate the circle at the end of this curve. After 500 ms the fixation point disappeared, cuing the monkey to make an eye movement. We rewarded eye movements toward the circle at the end of the target curve and counted saccades to the other circle as errors. We manipulated the task difficulty by varying the luminance of the short initial segment of the target curve ( Fig. 1B) . This segment could have one of three luminances. In the easy condition it was 23 cd/m 2 , equal to the rest of the curve. It was 0.31 cd/m 2 in the intermediate condition and 0.063 cd/m 2 in the most difficult condition (background luminance was 0.026 cd/m 2 ). As expected, the performance of both monkeys decreased for lower luminances because it became more difficult to distinguish the target curve from the distractor (Fig. 1C ). In the easy condition the average accuracy of the two monkeys was 99%; it decreased to an average of 90% in the intermediate condition and to 64% in the difficult condition (repeated-measures ANOVA; monkey G: F 2,24 = 71.2; monkey J: F 2,64 = 162; both Ps < 10 −6 ).
Strength of Attentional Modulation in FEF and V1. In every recording session, we isolated a single unit in area FEF and monitored multiunit activity in area V1 at the same time with chronically implanted electrode arrays. We obtained simultaneous recordings from a total of 56 single units (SUA) in FEF (23 in monkey G and 33 in monkey J) and 55 multiunit (MUA) recording sites in V1 (21 in monkey G and 34 in monkey J). In our population analysis of FEF we only included visual and visuomovement cells while excluding movement cells (43 FEF neurons remained: 13 in monkey G and 30 in monkey J). Fig. 2 shows the population responses in FEF and V1, obtained by averaging activity across neurons in the two areas (for an example session, see Supporting Information). Attentional response modulation was significant in both areas and at every level of task difficulty (Wilcoxon signed-rank test in a window from 200 to 500 ms, all Ps < 0.01). We quantified the response modulation with a modulation index (MI; [target − distractor]/average, 200-500 ms after stimulus onset). The MI decreased as the task became more difficult. In FEF, the average MI was 0.62 in the easy condition, 0.47 in the intermediate condition, and 0.31 in the difficult condition (Fig. 3A) . The MI in the difficult condition was significantly lower than in the easy and intermediate conditions (Ps < 0.01, Wilcoxon signed-rank test), but the difference between the easy and intermediate conditions was not significant (P > 0.05). In area V1, the average MI was 0.25 in the easy condition; it decreased to 0.22 in the intermediate condition and to 0.12 in the difficult condition ( Fig. 3B ) (all Ps < 10 −5 , Wilcoxon signed-rank test). We also compared the strength of the attentional modulation between the two areas ( Fig. 3) and found that the MI in V1 was significantly smaller than that in FEF (Mann-Whitney u test, P < 10 −2 at all difficulty levels). It seems unlikely that this difference is due to the distinct recording methods (MUA in V1 vs. single units in FEF), for a number of reasons. First, the MI of MUA equals a weighted average of the MIs of the contributing neurons, and it is therefore valid to compare the MI of single units to that of MUA. Second, the signal-to-noise ratio of the visual response in V1 (median d-prime = 2.9) was significantly larger than that of single units and MUA in FEF (SUA median d-prime = 0.93; MUA, 1.8; both Ps < 10 −3 , Mann-Whitney u test). In contrast, the signal-to-noise ratio of the attentional modulation was higher in FEF. In FEF the d-prime of attentional modulation in the easy condition had a median of 0.72 for SUA and 1.18 for MUA, significantly larger than the attention d-prime in V1 with a median of 0.5 (both Ps < 10 −2 , Mann-Whitney u test). These findings confirm our MI analysis; visual responses are more reliable in V1, whereas attentional modulation is stronger in FEF. Indeed, it can be seen in Fig. 2 that the representation of the distractor curve is strongly suppressed in FEF, whereas V1 continues to represent both curves and therefore has weaker attentional modulation.
Latency of the Visual Response and Attentional Modulation in V1 and
FEF. The latency of the average visual response in V1 was 52 ± 2 ms (s.d. determined with bootstrap analysis), significantly earlier than the visual response of visual and visuomovement cells in FEF at a latency of 71 ± 10 ms (bootstrap test, P < 0.05), in accordance with a previous study (27) (purple fits in Fig. 2 ; Supporting Information). Thus, the visual response is earlier in V1 than in FEF.
The initial neuronal responses in either area did not discriminate between the target and the distractor curve, but after a delay the responses evoked by the target curve became stronger than those evoked by the distractor (23, 27) . To estimate the attentional latency, we used a curve-fitting method (green fits in Fig. 2 ), which does not depend on modulation strength (unlike methods based on significance). We estimated the temporal profile of attentional modulation with an exponential function f ðtÞ, which gave good fits:
Here a is the maximal modulation amplitude, τ is a time constant that determines the rate of increase, and t 0 is the latency.
The attentional latency in FEF was 108 ms in the easy condition, and it increased to 158 ms and 188 ms in the intermediate and difficult conditions, respectively (bootstrap test, all Ps < 0.05) ( Fig. 2A) . In area V1, the latency of the attentional modulation in the easy condition was 119 ms; it increased to 166 ms in the intermediate condition and to 186 ms in the difficult condition (bootstrap tests, Ps < 0.05, except the intermediate vs. difficult condition with P > 0.2). The attentional latency did not differ between areas at any difficulty level (bootstrap test, Ps > 0.05 in all conditions). This finding held for both visual and visuomovement neurons in FEF and was also true when we compared MUA in both areas (Supporting Information). Thus, the similar attentional latency in V1 and FEF is not caused by the heterogeneity of FEF cell types or the comparison of single units to MUA.
Latency Distributions in V1 and FEF. We next investigated the latency distribution across recordings ( Fig. 3 A and B) . The median latency of the attentional modulation in FEF was 114 ms (mean ± SD: 144 ± 21 ms) in the easy condition; it increased to 180 ms (mean 194 ± 19 ms) in the intermediate condition and to 232 ms (249 ± 23 ms) in the difficult condition (all Ps < 10 −4 , Wilcoxon signed-rank test). In area V1, the median latency of the attentional modulation was 114 ms (mean 115 ± 8 ms) in the easy condition; it increased to 167 ms (164 ± 10 ms) in the intermediate condition and to 235 ms (241 ± 11 ms) in the difficult condition (all Ps < 10 −5 ). Again, there were no significant differences between areas at any difficulty level (Mann-Whitney u test, all Ps > 0.05).
We replicated these results when we analyzed the data of the two monkeys separately. In monkey G, the attentional latencies in FEF were 119 ± 17 ms, 157 ± 16 ms, and 192 ± 39 ms, and in V1 they were 116 ± 18 ms, 156 ± 25 ms, and 188 ± 28 ms in the easy, intermediate, and difficult conditions, respectively (comparison of V1 and FEF: at all difficulty levels, P > 0.05, Mann-Whitney u test). In monkey J, the latencies in FEF were 111 ± 44 ms, 166 ± 54 ms, and 221 ± 81 ms, and in V1 they were 118 ± 17 ms, 171 ± 18 ms, and 222 ± 35 ms (all Ps > 0.05). Thus, we observed small and nonsignificant differences in the attentional latency between V1 and FEF, although latency increased with task difficulty in both areas.
In our sample, the average eccentricity of the FEF receptive fields (RFs) was 12.3°, which was larger than the average eccentricity of the V1 RFs of 2.5°. We considered the possibility that the latency of the attentional response modulation increases with eccentricity because it might take time for attention to spread along the curve to the more eccentric RFs. We therefore computed the correlation between attentional latency and RF eccentricity, but it was not significant in V1 (ρ = 0.001, P > 0.2) or FEF (ρ = 0.18, P > 0.2). Thus, the similar attentional latency was not caused by a difference in RF eccentricity.
Temporal Profile of Attentional Modulation in V1 and FEF. Although the attentional latency is similar in the two areas, we noticed that the V1 modulation saturates during a phase where FEF modulation is still increasing (compare green curves in Fig. 2 ). To further explore this difference between areas, we computed the MI in a late time window (400-500 ms) and compared it to that in an earlier window (200-300 ms). In FEF, but not in V1, the MIs in the late window were significantly larger than those in the earlier window (FEF: all Ps < 0.05; V1: all Ps > 0.3, Wilcoxon signed-rank test at each level of difficulty). Thus, the attentional modulation reaches a plateau in V1 but keeps increasing in FEF. This effect is also reflected in the time constant τ in Eq. 1, which estimates the rate of increase in modulation (Fig. 3C ). The median τ across FEF neurons was 144 ms in the easy condition, 165 ms in the intermediate condition, and 167 ms in the difficult condition. The corresponding values in V1 were 12 ms, 25 ms, and 12 ms. The time constant τ was significantly larger in FEF than in V1 at every difficulty level (P < 0.05, Mann-Whitney u test). A large fraction of FEF neurons had τ values larger than 400 ms, and their activity increased until the saccade.
Representation of Erroneous Choices in Areas FEF and V1. We next investigated neuronal activity in trials where the monkey selected the wrong curve. We restricted this analysis to the difficult configuration, where both animals made a substantial number of errors (more than five per session). Fig. 4 compares the average activity of FEF and V1 neurons in error trials to that in correct trials. In error trials, the attentional response modulation in area FEF was reversed. Now the responses evoked by the distractor curve were significantly stronger than responses evoked by the target (Wilcoxon signed-rank test, P < 0.005). The strength of this reversed modulation in FEF was similar to the response modulation on correct trials (P > 0.7, Wilcoxon signed-rank test). Moreover, the latency of response modulation on error trials (mean 192 ms) was similar to the latency on correct trials (bootstrap test, P > 0.8). Thus, FEF cells faithfully reflected the monkey's behavioral choice, irrespective of whether it was correct or erroneous.
In area V1, neuronal activity evoked by the distractor curve was also stronger than that evoked by the target on error trials (P < 0.01, Wilcoxon signed-rank test). In V1 the reversed modulation occurred at 297 ± 62 ms, which was significantly later than the latency of 186 ms in correct trials (bootstrap test, P < 10 −3 ). A comparison of latencies in error trials revealed a further difference between the two areas. Erroneous choices were represented at a shorter latency in FEF than in V1 (bootstrap test, P < 10 −3 ), at the population level and for each monkey separately (monkey G, P < 10 −5 ; monkey J, P < 0.05). Apparently, FEF took the lead in the error trials. This erroneous selection was imposed on V1 but after a substantial delay.
Coupling of Neuronal Activity in FEF and V1. The finding that FEF and V1 both select the wrong curve in those trials where the monkey made a mistake implies a coupling of neuronal activity between areas. As a further measure for coupling we computed the correlation between the trial-to-trial fluctuations in activity (noise correlation) ( Fig. 5A ). If the V1 RF and the FEF RF both fell on the target curve (n = 129 paired recordings), the average correlation was 0.05, which was significantly larger than zero (P < 0.0001, Wilcoxon signed-rank test). However, if both RFs fell on the distractor curve, the average correlation coefficient was only 0.008, significantly lower (P < 10 −2 , Wilcoxon signed-rank test). Thus, the interareal coupling is strongest for attended curves.
We also recorded from 258 cases with V1 and FEF RFs on different curves. In this configuration we averaged across the two attention conditions because if one RF fell on the target curve, the other one fell on the distractor. The average noise correlation was 0.023, significantly larger than zero (P < 0.0005, sign test) (Fig.  5A ). The noise correlation was lower when the RFs fell on different curves than if they fell on the target curve (P < 10 −2 , Mann-Whitney u test).
We next measured the noise correlation within V1 (666 and 513 pairs with RFs on the same and different curves, respectively; Fig.  5B ). When the V1 RFs fell on the target curve, the average correlation was 0.118, and it was 0.121 if they fell on the distractor curve, a difference that was not significant (P > 0.2, Wilcoxon signed-rank test). When the RFs fell on different curves, the average correlation was 0.07, which was significantly lower (P < 0.001, Mann-Whitney u test). The correlations within V1 were stronger than between V1 and FEF (Mann-Whitney u test, P < 0.05), which is expected given the large distance between these areas. Thus, neuronal activity is weakly coupled between V1 and FEF, a coupling that is strongest for the target curve.
We performed two control analyses to verify these results. First, the comparison between same and different curves involved different pairs of recording sites, which may have had different RF distances. However, when RF distances were equalized with a stratification method, noise correlations were still higher if the RFs fell on the same curve both within area V1 and between V1 and FEF (all Ps < 0.01, Mann-Whitney u test). Second, the stronger V1-FEF noise correlation evoked by the target curve might have been caused by the stronger activity elicited by the target curve. However, when response magnitudes were balanced across attention conditions (Supporting Information), noise correlations were still stronger for the target curve. Eye Position Controls. To investigate whether there were systematic differences in the eye position around the fixation point between conditions with a target or distractor inside RF, we projected single-trial eye positions on an axis that connected the average eye position in the two attention conditions. There were no significant eye position differences in any of the recording sessions (all Ps > 0.05, paired t test). Thus, variations in eye position across trials are an unlikely explanation for the results.
Discussion
The present study is the first to our knowledge to simultaneously record the activity of neurons in FEF and V1, at opposite ends of the visual cortical processing hierarchy. We used a curve-tracing task and varied the difficulty of attentional selection. We observed that increases in difficulty reduced the strength of the attentional response modulation and increased the latency of the selection signal, in accordance with previous studies in V1 (28, 29) and FEF (30) (31) (32) . In correct trials, we did not find consistent differences in the onset of attentional response modulation between visual and frontal cortex, which suggests that these remote brain regions engage in reciprocal interactions during the selection of the target curve. However, in error trials, FEF selected the wrong curve in a phase where attentional modulation in V1 was virtually absent. Apparently, FEF took the lead, and it then imposed the wrong decision on visual cortex. The coselection of the same curve in correct and error trials implies that activity in the two areas is coupled, and this coupling was also observed in the pattern of noise correlations, which were strongest for the attended curve.
Methodological Considerations. In area V1 we recorded multiunit activity, whereas we isolated single units in FEF. It is unlikely that this difference in the recording method is responsible for the pattern of results that we observed. We used the MI to quantify the strength of the modulation, which is the ratio between the difference in activity caused by an attention shift and the average firing rate. This ratio is expected to be the same for single units and MUA. Furthermore, we used a curve-fitting method to determine the latency of the visual response and the attentional response modulation. The advantage of this method (33, 34) is that the latency estimate does not depend on the strength of the modulation, the number of trials, or the number of cells that are measured at a recording site. During FEF single-cell recordings we also recorded FEF-MUA, and we replicated our results with this method (Supporting Information).
Flow of Information Between FEF and V1 During Attentional Selection.
Previous studies used visual search and spatial cuing tasks to compare the time course of attention shifts between areas. Selection first occurred in frontal and parietal cortex, and the selection signals only arrived in extrastriate visual cortex after a delay of ∼50 ms (12) (13) (14) 35) . Other studies reported that it also takes time for attentional signals to propagate from V4 to V2 and then back to V1, with delays up to hundreds of milliseconds (16, 17) . Combining these results, one would predict that attentional selection in area V1 lags selection in FEF by at least 150 ms. Such a lag would be in support of a reverse hierarchy theory (15) in which frontoparietal areas provide the source of attentional control signals to the visual cortex (25) . However, the source of attentional selection signals depends on task demands. A previous study reported that the timing of selection differs between a pop-out visual search task in which attentional selection in parietal cortex preceded selection in frontal cortex (but see 32) and a serial search task in which selection occurred in the opposite order (35) .
Human observers that carry out the curve-tracing task start by attending the first segment of the target curve, and they spread attention over the curve until all of its contour elements are attended (21, 22) . This process of contour grouping could be implemented in the visual cortex by the spread of enhanced neuronal activity across neurons that code the contour elements of the target curve. The propagation of the enhanced activity could take advantage of the selectivity of corticocortical connections (26) that link neurons coding nearby and collinear contour elements (20, 21, 36) . One might therefore also have expected that early visual areas take the lead in selection and that the selection of the relevant eye movement in FEF follows. Instead, we found that selection in both areas was nearly simultaneous.
Although the onset of the selection signals in visual and frontal cortex was similar, the time courses differed. In FEF, the selection signal kept increasing until the time of the saccade, but it saturated earlier in V1. Previous studies suggested that FEF neurons integrate evidence to reach a saccadic decision (2, 37) . In the curve-tracing task, the evidence might consist of attentional modulation in visual cortex, which distinguishes the target curve from the distractor. In such a model, FEF would integrate attentional modulation in visual cortex, to select the endpoint of the target curve which is consistent with our finding that the selection signal in FEF keeps increasing when the V1 modulation has saturated.
Another important difference between V1 and FEF occurred in error trials. In both areas the attentional modulation was reversed, but there now was a remarkable delay between frontal and visual cortex as if the frontal cortex took a decision in the absence of attentional modulation in V1. This error was fed back to V1 with a delay of more than 100 ms (Fig. 4) , compatible with previously reported delays in visual search and spatial cuing tasks (12) (13) (14) 35) . Thus, if attentional signals in the visual cortex are weak, frontal cortex appears to enforce a decision and to feed this decision back to the visual cortex.
Coupling Between Neuronal Activity in FEF and V1. The present results show, for the first time to our knowledge, that noise correlations exist between visual and frontal cortex and that they are strongest for the target curve. Thus, object-based attention increases the coupling between remote brain areas, an effect that may be caused by trial-to-trial fluctuations in the process that selects the target curve. Attention did not influence the strength of the noise correlation in V1, in accordance with previous studies with the curve-tracing task (28, 38) . This finding contrasts with previous studies reporting that attention reduces noise correlations (39) (40) (41) , a discrepancy that may reflect a difference between tasks.
The Timing of Attentional Operations in Multistep Tasks. We here showed that attentional selection in the curve tracing task occurs at approximately the same time in visual and frontal cortex, and previous studies demonstrated that selection in the frontal cortex precedes selection in the visual cortex during visual search (42) . What happens if a task requires multiple attentional operations? A recent study required monkeys to first trace a curve, to register the color of a cue at the end of this curve, and to then carry out a visual search for another circle with the same color as the cue. In this task, V1 neurons first selected the relevant curve, but there was a delay that could increase to more than 200 ms before V1 neurons selected the target of search (43) . Thus, a single area can contribute to the various processing steps of a complex task at different times. The present results are complimentary, by showing that one such step can be monitored in different areas at approximately the same time. The present and previous results, taken together, therefore provide new insights into the cortical organization of attentional selection, which relies on the coordinated effort of multiple interacting cortical areas, jointly contributing to the successive processing steps of a cognitive task. Behavioral Task. The stimuli consisted of two white curves and two red circles at the end of each curve on a dark gray background (luminance 0.026 cd/m 2 ). One of the curves was connected to the FP and served as a target curve (T in Fig. 1A) , whereas the other, unconnected curve was a distractor (D). After a fixation epoch of 500 ms, the FP disappeared, cuing the monkey to make a saccade to the end of the target curve. We manipulated task difficulty by varying the luminance of the contour that connected the target curve to the fixation point (further details are given in Supporting Information).
Materials and Methods
Data Analysis and Statistics. Across sessions, we collected on average 92 correct trials for the easy condition, 83 correct trials for the intermediate condition, and 61 trials for the difficult condition. The strength of attentional effect in V1 sites and FEF single units was quantified with a modulation index defined as MI = (μ T − μ D )/ ((μ T + μ D )/2), where μ T is the average response to the target curve and μ D is the average response to the distractor curve from 200 to 500 ms after stimulus onset. We also computed d-prime values as d′ = (μ 1 − μ 2 )/σ. For the d-prime of the visual response, μ 1 is activity from 0 to 300 ms (pooled across attention conditions), and μ 2 is spontaneous activity 300 ms before stimulus onset; σ is the pooled SD. For the attentional d-prime, μ 2 and μ 1 are activity levels evoked by the target and distractor curves. Significance of attentional modulation was assessed with a Wilcoxon signed-rank test across V1 MUA recording sites and single units in FEF. Comparisons between areas were carried out with the Mann-Whitney u test. The methods used to measure the latency of the visual response and the attentional modulation and the noise correlation have been described in Supporting Information.
Supporting Information
Pooresmaeili et al. 10 .1073/pnas.1316181111
Example Simultaneous Recording in V1 and FEF Fig. S1A shows the responses of an example frontal eye fields (FEF) neuron evoked by the easy, intermediate, and difficult stimuli, and Fig. S1B illustrates the simultaneously recorded responses of a primary visual cortex (V1) multiunit recording site. The receptive field of the FEF and V1 neurons fell on the same curve. We compared the activity evoked by the target curve (Fig. S1A, Top) to the responses evoked by the distractor (Fig.  1A) . The appearance of the stimulus in the receptive field (RF) evoked a strong visual response in FEF with a latency of 60 ms and also in area V1 with a latency of 52 ms (as determined with a curve-fitting method; see below). We examined how the strength and latency of the attentional response modulation depended on task difficulty. In the example FEF cell, the modulation index (MI) was 1.70 in the easy condition and 1.72 in the intermediate condition, and it decreased to 1.03 in the difficult condition. Attentional modulation was weaker at the V1 multiunit recording site with an MI of 0.2 in the easy condition that decreased to 0.06 and 0.05 in the intermediate and difficult conditions, respectively. It can be seen in Fig. S1 that V1 maintained a representation of the distractor curve, whereas the representation of this curve was largely suppressed in FEF.
For the FEF cell, the latency of the attentional modulation increased from 155 ms in the easy condition to 190 ms in the intermediate condition and to 280 ms in the difficult condition. The attentional modulation latency at the V1 recording site also increased with task difficulty, from 145 ms in the easy condition to 257 ms in the intermediate condition and to 309 ms in the difficult condition. Thus, in this example recording session, the onset of attentional modulation in area V1 and FEF was delayed if the task was more difficult with latency differences between −10 ms (V1 leading FEF) and +67 ms (FEF leading V1).
Comparison of Visual and Visuomovement Neurons in FEF and V1 Recording Sites
We focused on a population of FEF neurons that included two cell types, visual and visuomovement neurons (1) . We have also examined the responses of these two classes of neurons separately. To classify the cells, we used a memory-guided saccade task (1) and applied criteria based on a previous study in FEF (2) (see below for a description of this task and classification criteria). Fig. S2 shows the responses of 16 visual and 23 visuomovement cells in the curve-tracing task. The latencies of attentional modulation of the visual cells were 123, 208, and 229 ms in easy, intermediate, and difficult conditions, respectively. Average modulation latencies of visuomovement cells were 126, 169, and 224 ms in the three difficulty conditions. When we compared these latencies with V1 latencies, we did not observe significant differences at any of the task difficulty levels (P > 0.05, Mann-Whitney u test). Therefore, our main finding that attentional response modulation occurs at approximately the same time in V1 and FEF also holds for these two classes of FEF neurons, if analyzed separately.
Comparison of Latencies Between Multiunit Activity in FEF and V1
Our main analysis compared the latencies of V1 MUA recordings to single-unit activity in FEF. Do we obtain the same results with multiunit responses in FEF? Fig. S3 shows the MUA responses of FEF and their latencies at the three difficulty levels. The population latency of FEF multiunit response was 122 ± 39 ms (±std), 167 ± 22 ms, and 177 ± 36 ms for the easy, intermediate, and difficult condition, respectively. We did not observe a signifi-cant difference between latencies of FEF and V1 neurons in these conditions (Ps > 0.05, Mann-Whitney u test). Therefore, our findings are not caused by the different methods for recording neuronal activity in FEF and V1.
Influence of Firing Rate on the V1-FEF Noise Correlation
We found that the noise correlations between V1 and FEF were stronger if the RFs in the two areas fell on the target curve than if they fell on the distractor. Is this difference in noise correlation genuine, or is it related to the higher firing rates elicited by the target curve? To investigate this question we carried out a stratification procedure in which the difference in firing rate between conditions was eliminated by equalizing the number of trials across the firing rate distributions. To this end, we defined three bins of equal size between the minimum and maximum responses for every V1 recording site and also three bins for the single unit activity in the FEF (pooling across difficulty levels). Every trial of the condition with the target curve in the RFs was assigned to one of nine bins, one bin for every combination of the firing rate classes in V1 and FEF, and the same binning procedure was also used to categorize trials with the distractor in the RFs. We then equalized the firing rate distributions in the two conditions by randomly removing surplus trials from the target or distractor condition until trial number was the same in every bin. On average, 30% of trials were discarded across all pairs (between 9% and 85%), and we excluded pairs where more than half of the trials were removed from the analysis. We then repeated our analysis in the stratified data set. The average noise correlation between the remaining FEF-V1 pairs (n = 95) was 0.05 for responses elicited by the target curve, which was significantly larger than the noise correlation elicited by the distractor (average = 0.0065 P < 10 −5 , Wilcoxon signed-rank test) ( Fig. S4) . Thus, the stratification analysis demonstrated that the higher noise correlation between FEF and V1 elicited by the attended curve was not caused by the stronger responses in the two areas.
SI Materials and Methods
Surgical Procedures. The details of the surgical procedures have been described elsewhere (3, 4) . In short, a head-holder was implanted in a first operation which allowed head immobilization. During this first operation we also inserted a gold ring under the conjunctiva of one eye to allow the monitoring of eye position. In a second operation, arrays of 4 × 5 or 5 × 5 electrodes (Cyberkinetics Neurotechnology Systems Inc.) were chronically implanted in area V1 (right hemisphere in monkey G and left hemisphere in monkey J). In the third operation we implanted a recording chamber, on the same side as V1 arrays, above the frontal eye fields. Area FEF was localized before the surgery with MRI.
Details of the Curve-Tracing Task. The monkeys sat in a primate chair with their heads restrained, at a distance of 0.75 m from a screen. The stimuli (white curves on a black background; Fig.  1B) were back-projected onto the screen (70°of visual angle; 1024 × 768 pixels) by a video projector in combination with a Texas Instruments Graphics Architecture graphics board running at a frame rate of 72 Hz. A trial started as soon as the monkey's eye position was within a 1-1.5°square window centered on a 0.2°fixation point (FP). After 300 ms, the stimulus appeared (Fig. 1A) , but the monkey had to maintain steady fixation. Correct responses were rewarded with a drop of apple juice. If the monkey broke fixation before FP offset, the trial was terminated and discarded. The monkeys were experienced in the curve-tracing task and received additional training with the varying luminance before the recording sessions.
Memory-Guided Saccade Task. This task was used to classify FEF neurons as visual visuomovement or movement cells. After a fixation epoch (300 ms), a probe stimulus (circle) appeared on the screen and stayed in view for 100 ms. Monkeys were required to maintain fixation during an additional 400 ms (delay period) after the disappearance of the stimulus. Thereafter, two saccade targets were displayed, one at the same location as the probe stimulus and the other at the mirror location relative to the fixation point. Monkeys made a saccade toward the remembered location of the probe. We either placed the probe stimulus in the neuron's RF (as determined online by radial tuning and eccentricity tasks) or at the mirror location.
We measured visually driven activity in a time window between 50 and 150 ms after the stimulus onset and baseline activity in a 150-ms window before stimulus onset. Movement-related responses were measured in a time window between 100 ms before and 20 ms after the initiation of the saccade, whereas a presaccadic baseline was determined during the memory delay, between 350 ms and 200 ms before the initiation of the saccade. A neuron was classified as visual if the visual response was significantly greater than baseline activity (Wilcoxon signed-rank test, P < 0.05) and if the movement response was not significantly greater than the presaccadic baseline activity (Wilcoxon signed-rank test, P > 0.05). A neuron was classified as visuomovement if visual and movement responses were both significantly larger than their respective baselines (Wilcoxon signed-rank test, P < 0.05). For 4 out of 43 neurons, we could not record the responses in a memory-guided saccade task, because the isolation of the single neuron was lost after recordings in the main curve-tracing task. These cells were not included in the analysis above that separated visual cells from visuomovement cells.
Recording of Neuronal Activity, Eye Position, and Data Analysis. The monkey's eye position was monitored with a double magnetic induction technique (sampling rate of 1 kHz). We simultaneously recorded extracellular activity of neurons in area V1 and FEF. In area V1, spiking activity was recorded from chronically implanted multielectrode arrays with Tucker-Davis Technologies multichannel recording equipment. As in previous studies (5) (6) (7) (8) (9) , the signals from the electrodes were amplified, band-pass filtered (500-5000 Hz), full-wave rectified, and then low-pass filtered at 500 Hz and sampled at a rate of 763 Hz. The MUA represents the pooled activity of a number of single units in the vicinity of the tip of the electrode. The population response obtained with this method is therefore expected to be identical to the population response obtained by pooling across single units. A recent study demonstrated that the MUA signal indeed provides a reliable estimate of the average single-unit response (10) . After the postoperative recovery, we first measured the dimensions of the V1 receptive fields by determining the onset and offset of the visual response to a slowly moving light bar, for each of eight movement directions (10) . The median area of V1 receptive fields was 0.35 deg 2 (range 0.11-4.2 deg 2 ), and the eccentricity ranged from 1.03°to 5.46°with a median of 3°.
The responses of single neurons in area FEF were recorded with tungsten electrodes (FHC, impedance ∼2 MΩ), which were lowered through the dura with a hydraulic microdrive (Narishige). Spikes were detected if they crossed a threshold that was determined by the experimenter. Spikes were sorted offline using the MClust toolbox (MClust 3.4, A. D. Redish) in MATLAB. Upon isolation of a neuron, we first mapped its response field by presenting saccade targets at various directions and eccentricities, as described elsewhere (3). To monitor FEF activity in the curve tracing task, we positioned one of the circular saccade targets near the center of the neuron's RF. The other circle was positioned outside the RF, at an angle of ∼90°. One of the curves fell in the receptive fields of the V1 neurons. At the end of the recording session, we usually confirmed that the electrode penetration was in FEF with intracortical microstimulation (biphasic current pulses, 100-ms train duration, 200 Hz). The penetration was considered to be in FEF if a saccade could be triggered using currents that were <100 μA (usually <50 μA).
Estimation of the Latency of the Visual Response and Attentional
Modulation. We estimated the latency of attentional modulation by fitting a function f(t) (Eq. 1) to the difference in response evoked by the target and distractor curve. For the fitting of the visual response we used a more complex curve (3) that exhibits a peak and then reaches a lower sustained level:
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The shape of this function is determined by five parameters, μ, σ, α, c, and d; Gðt; μ; σÞ is a cumulative Gaussian. Τhe latency of the visual response was defined as the point in time where the fitted function reached 33% of its maximum. We computed a 95% confidence interval for the latency of the visual and attentional response modulation with a bootstrapping procedure. If there are N recording sites, we randomly selected N sites with replacement and determined the latency using the curve-fitting method described above. We repeated this procedure 10,000 times to estimate the 95% confidence interval.
Computation of Noise Correlations. Noise correlations between FEF and V1 neurons (interareal correlations) and between pairs of V1 recording sites (intraareal correlations) were computed as follows. We measured the response strength in each trial by counting the number of spikes in FEF and by measuring the amplitude of the MUA response in V1 in a time window from 200 to 500 ms after stimulus onset. To compute the noise correlation, we combined data of the different difficulty levels. We removed the possible influence of differences in firing rates between difficulty levels by first z-scoring the single trial responses within difficulty levels, and then we computed the Pearson correlation coefficient of the z scores pooled across difficulty levels (Fig. 5 ). We applied a Wilcoxon signed-rank test to measure the significance of differences in correlation between conditions. 
